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ABSTRACT

Cracking is one of the major distresses in asphalt concrete leading to high maintenance
and rehabilitation costs throughout the nation’s pavement infrastructure. Asphalt concrete
is a three phase, heterogeneous composite consisting of aggregate, mastic, and air voids.
Crack initiation, crack path and propagation are not well understood in asphalt concrete.
This thesis work presents testing and analysis of cracking in semi-circular notched
asphalt concrete samples in three point bending. Load and crack width data at different
locations of the sample were captured in real time using Linear Variable Differential
Transformers (LVDTs). Crack initiation, path, and velocity are examined with varying
notch tip location, mixture type, void content, and moisture conditioning. Crack path is
further examined by means of laboratory testing on the mastic and interface phases of
asphalt concrete.
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CHAPTER 1

Introduction
1.1 Introduction
Cracking is one of the major distresses of Hot Mix Asphalt (HMA) pavements. Cracks in
HMA provide a pathway for water, which can lead to damage in the form of binder
stripping and softening of the mastic. This type of damage contributes to a decrease in
HMA pavement’s serviceability, which in turn increases pavement maintenance and
reconstruction costs. HMA pavement constitutes a sizeable portion of the United States
Department of Transportation’s annual expenditure on construction and rehabilitation of
the country’s pavement infrastructure. This study focuses on laboratory characterization
of cracking in asphalt concrete.

Several test methods have been developed to study the cracking behavior in HMA under
different sample geometries, loading configurations, and material properties (Aglan et al.
1994, Bynum et al. 1973, Dongre et al. 1989, Mull et al. 2002). In most tests, a notch has
been introduced into the sample so that the crack will initiate at the notch (Molenaar et al.
2002, Wagoner et al. 2005a, Wagoner et al. 2005b, Wu et al. 2005). In many of these
studies, linear elastic fracture mechanics and elastic plastic fracture mechanics principles
have been applied to test observations to better characterize material response to stress
and strain (Hofman et al. 2003, Mull et al. 2002, Zhang et al. 2001). Recently, crack
propagation is observed using a video recorder and crack length is measured at different
times using a standardized ruler (Hofman et al. 2003). In this study, instead of a video
technique, linear variable differential transducers are used to determine the crack
1

propagation within the sample.

This is the first time such a method has been

implemented to determine crack initiation, propagation, and velocity in the laboratory.

HMA has three phases: interface, aggregate, and mastic. The interface is defined as the
surface that is the boundary between the binder, or mastic, and the aggregate. The
aggregate consists of coarse particulate matter that is coated with binder and forms the
load-bearing skeleton of the HMA. The mastic is a the mixture of fine aggregate passing
the #200 sieve and asphalt binder, which is a viscoelastic composite that has adhesive and
cohesive properties capable of withstanding tensile forces. Cracks can initiate and
propagate through any of these three phases. Understanding how cracks initiate in each
of the phases of HMA is pivotal to accurately predicting cracking in the service
pavements. Because an accurate prediction of crack initiation and propagation aids in the
design and maintenance of asphalt pavement structures. Parameters such as the crack
width and cracking loads can be used to describe the remaining life of the service
pavements. To examine crack initiation point, the HMA samples are fabricated in this
study to have a crack tip in the interface, aggregate, and mastic. In essence, rectangular
notches having a tip on one of these three phases are cut into semi-circular HMA
specimens. The initiation of a crack may depend on the notch size and length (Mull et al.
2002). In this study, notch size and length are kept constant for simplicity. The notch
serves as a predetermined crack initiation point from where crack propagation is
observed.

2

As a crack propagates in asphalt concrete the crack has two measurable quantities that
can be observed: the crack width and the crack length. This study captures the crack
width in real time at three defined locations away from the notch tip using Linear
Variable Differential Transducers (LVDTs). The crack length is measured using the
times history of the LVDT data. Crack propagation and initiation can be observed
through several mixes to have a heneral understanding. In this study, three mixes are
evaluated. Specimens are compacted using a Superpave gyratory compactor in the
laboratory. Asphalt specimens are cut and notched using a laboratory saw. The notched
specimens are tested under monotonic loading in strain-controlled mode and crack width
are recorded in real time. Crack path in each specimen is observed and compared to the
aggregate gradation.

Properties of HMA concrete such as air voids or density, moisture damage condition, or
aggregate gradation may affect crack initiation and crack propagation. Performance tests
of asphalt concrete have generally been conducted on specimens within a narrow band of
air void contents (Jacobs et al. 1995, Van de Ven et al. 1997, Zhang et al 2002). The
effects of air void content on crack initiation propagation can be realized by utilizing
specimens prepared at varying void ratios. Currently a standard procedure AASHTO
T283 is used to conduct a moisture damage assessment on asphalt concrete mixes of
various types. This procedure involves a freeze thaw process analogous to moisture
conditions and temperature changes that occur in the field.

Both the moisture

conditioned and dry cylindrical specimens are loaded in diametral compression and peak
loads are compared.

3

1.2 Objectives
The main objective of this study is to characterize crack initiation and propagation in
asphalt concrete. The specific objectives are to:
1. Characterize crack initiation and propagation through asphalt concrete in
laboratory experiments.
2. Derive a set of parameters based on laboratory load versus crack results and
determine the effects of mixture properties such as notch location, moisture
condition, void ratio, and mix type on crack initiation and propagation using these
parameters.
3. Evaluate possible crack pathways by micro-mechanical testing of the phases of
asphalt concrete in tension, compression, and shear.

4

CHAPTER 2

Literature Review
2.1 Laboratory Testing and Fracture Mechanics
Cracking of asphalt concrete has been extensively researched by means of laboratory
testing. However, the fracture of asphalt concrete did not become popular topic of
research until the realization of the problem of reflective cracking of asphalt overlays.
Recently, many tests have been examined with the goal to determine the general fracture
properties of asphalt concrete. The following section describes the recent advancements
in the study of crack initiation and propagation in asphalt concrete (AC):

Some researchers have tested AC under the assumption that it behaves as a linear elastic
material (Herrin and Bhagat 1968, Majidzadeh, et al. 1969, and Majidzadeh, et al. 1971).
Two parameters generated from linear elastic fracture mechanics that are widely used in
the characterization of fracture in asphalt concrete are the energy release rate, G, and the
fracture toughness, KC. Some researchers have idealized the visco-elastic behavior of
asphalt concrete as non–linear elastic and applied elastic–plastic fracture mechanics
(EPFM) concepts to the fracture (Rice 1968). In 1985, Abdulshafi and Majidzadeh used
the critical strain energy release rate, or J–integral, to characterize notched disc shaped
samples. The J-Integral can be determined in the laboratory using similar samples of
varying notch lengths (Anderson 2005).

2.2 Specimen Geometry
It is known that specimen shape and size can affect the outcome of a material fracture
5

test. Over the last few decades, the sample geometry and the testing procedure have
evolved to better determine fracture properties in accordance with fracture mechanics
principles. For example, sample geometry and support have changed to better represent
field conditions. The following paragraphs describe these pertinent and recent advances:

There are four basic sample geometries that can be considered for the study of fracture in
asphalt concrete: the direct tension sample, the single-edge notched beam sample, the
disc-shaped compact tension sample, and the semi-circular bending specimen. These
sample geometries are shown in Figure 2.1. The direct tension specimen D(T) is a beam
shaped specimen that is notched through the width of both lengths of the specimen
(Jacobs et al 1995). The dimensions for the sample used in Jacobs et al. (1996) are 2 in x
2 in x 6 in (50 mm x 50 mm x 150 mm). This specimen is loaded in tension uniaxially
along the longest dimension. At failure, a crack grows from each notch tip towards the
center of the specimen, where the cracks from each notch meet. Test results from this
specimen are highly dependent upon the fabrication and test setup. If the notches are cut
into the specimen symmetrically, a difference in stress intensity at opposing notch tips
can lead to different crack growth rates from each crack. Subsequently, an unintended
moment may be imposed on the sample that results in mixed mode loading in the fracture
zone. Mixed mode loads occur when combinations of mode I, mode II, or mode III
loading are present. Also, this specimen geometry is dependent upon gluing the ends of
the sample to the loading apparatus, which is time consuming and prone to failure. For
these reasons, studies applying this specimen geometry are limited in number.

6

The single-edge notched beam SE(B) specimen shown in Figure 2.1(b) is a beam shaped
specimen with a rectangular cross section (Wagoner et al. 2005a). The typical size of the
beam is approximately 375 mm long by 100 mm tall by 75 mm wide. The beam is
notched in the center of the length through the width. This specimen is advantageous to
use in fracture studies because of its potentially large fracture area. Also movement of
the notch along the length of the sample allows for investigation into mixed mode
loading. However, obtaining field samples of single-edge notched beam samples is
difficult.

The disk-shaped compact tension DC(T) specimen is shown in Figure 2.1(c). The DC(T)
sample is sliced from a Superpave Gyratory Compactor (SGC) sample or from a
cylindrical core taken from an in service pavement (Wagoner et al. 2005). A flat edge is
sawn from circular edge of the core so that a notch may be cut to facilitate fracture. The
sample is loaded in direct tension by means of supports through the holes drilled on each
side of the notch. The DC(T) sample is attractive for research purposes because it can be
fabricated from field cores. The sample also allows for a large fracture area, albeit less
than the SE(B) sample, which reduces the effects of specimen geometry on crack
initiation and propagation. The downside to this sample is the possible deviation of the
crack from the line of symmetry. This is due to the incorrect placement of the support
holes. Since this is a process that requires precision during fabrication, dependency of
test results on sample preparation is high.
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The semi-circular bending SC(B) specimen is shown in Figure 2.1(d). The SC(B)
specimen is fabricated by slicing a cylindrical asphalt sample in half and notching the flat
edge. Since this specimen may also be fabricated from field cores, it provides an
accurate representation of field conditions. The specimen is loaded in a three point
bending configuration, so the asymmetric loading problem associated with the D(T)
sample is eliminated. The semi-circular shape allows for more specimens to be produced
from a single core, but reduces the initial ligament length and therefore the fracture area.
It is believed that as research into the effects of specimen size, shape then the SC(B)
specimen will prove to be the most efficient specimen for fracture testing because of the
number of samples obtainable from a single field core.

To date, most investigations into the fracture properties of asphalt concrete have been
conducted using the SE(B) specimen (Dongre et al. 1989, Jacobs et al. 1995, Mobasher et
al. 1997, Wagoner et al. 2005a). Lately there has been a push to use the DC(T) and
SC(B) specimens due to their ability to be fabricated from field cores.

2.3 Fracture Studies
The text above has mentioned several valuable studies of fracture in asphalt concrete
using the SE(B), DC(T), and SC(B) specimens. A standardized test procedure has yet to
be defined that characterizes the fracture properties of an asphalt mixture. Many of the
studies explored fracture parameters that sufficiently quantifies an asphalt mixture’s
performance related to cracking.
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Dongre et al (1989) studied the fracture in asphalt concrete by means of both LEFM and
EPFM. The LEFM technique lead to the calculation of KIC, while the EPFM technique
lead to the calculation of JIC. The testing procedure involved loading a SE(B) specimen
using a loading rate of 1.5 lbs/sec until fracture. Specimens were compacted to an air
void ratio of 5±0.5% using one common aggregate gradation and twelve different asphalt
binder types. The specimens were tested at five different temperatures ranging from 60°F
(16°C) to -5°F (-20°C). The authors concluded that KIC showed no sensitivity to the test
variables while JIC showed promise as a fracture parameter within the temperature range
examined. In particular, JIC was sensitive to both the source and hardness of the asphalt
type. Furthermore, this study helped to demonstrate the unreliability of LEFM in
characterizing the fracture behavior of asphalt concrete.

Aglan et al. (1994) examined the effect of styrene-butadiene-styrene (SBS) block
copolymers on the behavior of asphalt mixtures using the beam shaped specimen. An
unnotched specimen was tested by Aglan and his colleagues under static load to
determine ultimate strength and the elastic modulus of the mixture with different
percentages of SBS added to the binder. Then a cyclic test was conducted on a notched
beam to determine the specific energy of damage by way of the modified crack layer
model (Aglan 1993). The specific energy of damage is a coefficient in the linear
relationship between the energy release rate normalized by the notch length and the
change in work normalized by the increase in crack length per cycle times the notch
length. Aglan’s study showed that the ultimate strength in the unnotched static test
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increased with increased polymer percentage, and the specific energy of damage
increased with increased polymer percentage.

Jacobs et al. (1996) conducted an investigation on cracking in asphalt concrete in. LEFM
concepts were utilized to study cracking using Paris’s law of crack propagation (Paris and
Erdogan 1963):
dc
n
dN = AK

(eq. 1)

where: c = crack length
N = number of load cycles
K = stress intensity factor
A,n = material parameters

Jacobs and colleagues conducted cyclic and static load tests on the DC(T) specimen to
determine the material parameters. By inputting COD data into a finite element model
the stress intensity factor can be calculated numerically. Also, the crack length was
determined with the assumption that the relationship between crack length and the COD
is linear. Jacobs’s study concluded with some trends in the material parameters
suggesting that less air voids, higher filler percentage, and higher binder content
increased the exponent, n, resulting in faster crack propagation.

Krans et al. (1996) compared the SCB specimen to other the other possible crack
investigation geometries: DTS, center cracked tension sample CC(T), indirect tension
sample I(T), and SE(B) in three and four point bending. Krans’s paper uses pre-existing
laboratory studies that utilized the above speciemens to show that the SC(B) specimen is
10

a viable candidate for quality control of mix and pavement design and a valuable tool for
studying cracking in asphalt concrete. First the authors describe the setbacks to other
geometries, and then shows test results for cyclic and static load tests on both unnotched
and notched SCB specimens. The paper refers to cyclic testing of SC(B) samples in
order to determine cycles to failure, Nf, and the Paris law (eq. 1) material parameters, A
and n. A finite element model of the SC(B) specimen is coupled with static tests of
notched samples to determine the stress intensity factor for mode I loading, KC. While
the study supplies a method for calculating KC, the authors warn that the application of
LEFM is limited to low temperature cracking.

In response to the inaccuracy of LEFM in describing crack initiation and propagation,
Mobasher et al. used nonlinear fracture parameters to compare asphalt concrete to a
concrete with rubber infused binder (Mobasher et al. 1997). Cyclic testing was
conducted on SENB specimens to determine mixture fracture properties based on a
compliance method and the resistance curve (R-curve). The study showed that a
nonlinear stress intensity factor with added compliance and inelastic terms exhibited
sensitivity to binder content and temperature of the test mixes, but not the difference in
binder type.

Although the change in fracture property due to binder type was

demonstrated by the toughness, Gf, which is also a parameter independent of the linearity
of the material. The R-curve performed well in differentiating between mixes of varying
binder content.
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Mull et al. (2002) also used the J-integral concept to evaluate modified asphalt pavement.
Asphalt pavement mixtures modified by crumb rubber (CR) and chemically modified
crumb rubber (CMCR) with three notch lengths were compared to a control using the
critical strain energy release rate, JC. Peak values for specimens with 1 in (25.4 mm)
notches averaged 259 lb (1.15 kN), 1.25 in notch specimens averaged 187 lbs (0.83 kN),
and 1.5 in notch specimens averaged 135 lb (0.6 kN). The authors showed that the
CMCR mix had the highest value for JC and hence the most resistance to cracking and the
control was least resistant to cracking. And by comparing the values calculated for the
three mixes to those calculated in other studies, the authors showed that JC produces
consistent results and could be utilized for future study.

Hofman et al (2003) conducted static and cyclic experiments on SCB samples. Their
paper described the difficulty of measuring the crack length by means of four methods:
crack foil, crack opening displacement (COD), mortar displacement, and optical capture
by digital camera.

The study concluded that measuring crack length for the

determination of crack length increase per cycle still proves to be inaccurate and
challenging, although the digital camera method excelled by capturing the bifurcating
structure of the cracks. A method for calculating KIC was provided with reference to
another study. The static load tests confirmed the effects of mixture properties on
cracking using K IC. The repeatability and reproducibility of the results of the static
SC(B) test were low compared to other mechanical tests for asphalt mixtures.
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Wu et al. (2005) used the J-integral to characterize thirteen different Superpave mixtures
with four different binder types (PG 70–22, AC–30, PAC–40, and PG 76–22) at four
different compaction levels (Ndesign = 75, 97, 109, and 125), and three different notch
lengths [1 in (25.4 mm), 1.25 in (31.8 mm), and 1.5 in (38 mm)]. A statistical analysis
was performed on the following test results: peak load, vertical displacement, and strain
energy to failure. The PAC–40 mixture had the largest Average peak load value [364 lb
(1.62 kN)] followed by each binder type in descending order PG 76–22 [344 lb (1.53
kN)], AC–30 [330 lb (1.47 kN)], and PG 70–22 [252 lb (1.12 kN)]. In addition, the
calculation and analysis of the J-integral using samples of variable notch length was
stressed. The method of obtaining JC in the SCB sample is documented and test data.
The authors determined that JC is superior in consistently characterizing mix types with
varying binder types and compaction levels in comparison to fundamental test results
such as peak load, vertical displacement, strain energy to failure.

Wagoner and his colleagues (2005a) deemed the SE(B) geometry the most promising and
conducted static tests at low temperature to investigate cracking in asphalt concrete.
Crack mouth opening displacement (CMOD) and load were captured for input to a
numerical model, the cohesive zone model (CZM). Wire crack detection gauges were
used to detect crack initiation at the notch tip. Crack initiation was detected slightly after
the occurrence of ultimate load. The tests showed that lower temperature produced lower
fracture energy for all mixes, and smaller nominal maximum aggregate size (NMAS)
produced higher fracture energies.
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The same year, Wagoner and his colleagues (2005b) published an investigation of the
DC(T) specimen for the analysis of cracking in asphalt concrete. Concerns about the size
effect present in the SC(B) specimen and the ability to test specimen obtained by coring
lead to the choice of the DC(T) geometry as a candidate for fracture testing in asphalt
concrete. Load and CMOD data were captured in order to calculate the fracture energy
of each specimen.

Testing was conducted on samples of varying temperature

[32°F(0°C), 14°F(-10°C), -4°F(-20°C)] and four different mix types ranging from high,
modified binder content to low, unmodified binder content. The tests showed increasing
fracture energy with increasing temperature. The reliability of the tests was with an
acceptable range, but indicated that more research should be conducted on the size affects
of fracture parameters.

The above summaries describe the recent advancements in the study of laboratory
cracking in asphalt concrete. It can be said that a definitive method of characterizing a
asphalt mixture’s susceptibility to cracking has yet to be defined. The following chapter
describes the laboratory testing involved in this study.

The studies summarized in this literature review describe past work involving strength
testing and fracture testing of asphalt concrete. Generally, these studies are focused on
evaluating the effects of additives in asphalt concrete or on the development of a standard
test to determine the fracture properties of asphalt concrete. Together, these types of
studies comprise the state of the art in laboratory fracture testing of asphalt concrete.
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CHAPTER 3

Laboratory Testing
3.1 Introduction
This chapter presents the details of specimen preparation and testing. Crack Opening
Displacements (COD) and loads are recorded in real time using four linear variable
displacement transducers. Three plant manufactured mixes were collected from a local
company. The specimens were compacted and then sliced to the correct testing
geometry. Specimens are subjected to a strain controlled compressive load in three point
bending. Load versus displacement data for each specimen is captured in real time using
a load cell, LVDTs, and a data acquisition system powered by a Labview program.

Asphalt concrete is a mixture of asphalt coated aggregate particles. The complex
structure of asphalt concrete is simplified for modeling purposes. The asphalt mix can be
thought of as a sum of two components: the larger sized coated aggregate and a smaller
sized coated aggregate. In this study, the coated materials that pass the #4 sieve is called
matrix.

The possible modes of failure in the notched asphalt specimen are shear failure due to
compression in the matrix, tensile failure in the matrix, shear failure at the
aggregate–matrix interface, and tensile failure at the aggregate–matrix interface.
Aggregate has high tensile, compressive, and shear strengths compared to mastic or
aggregate-mastic interface. Laboratory tests are designed to capture the load versus
displacement relationships to the point of failure for each of these failure mechanisms.
15

Additionally, tests are conducted on both dry and wet samples to investigate the effects of
sample wetting. Sample preparation, procedure, and results for each test are described
below:

3.2 Materials
Three Superpave mixes were collected from a local plant in cooperation with the New
Mexico Department of Transportation. Mixes were selected to cover both fine and coarse
mixes used in New Mexico. Figure 3.1 is a aggregate distribution chart for the three
mixes used in this study. Maximum density lines are plotted for both maximum
aggregate sizes present. It is shown in Figure 3.1 that mix SP-C has a smaller maximum
aggregate size than mixes SP-B and SP-III. Mix gradations that plot above the maximum
density line tend to be fine mixes, while gradations below the maximum density line tend
to be coarse mixes. The maximum density lines for maximum aggregate sizes of 3/4 in
and 1 in are plotted in Figure 3.1. SP–C has a maximum aggregate size of 3/4 in where
as mixes SP-B and SP-III have a maximum aggregate size of 1 in. Mixes that plot above
the maximum density line are generally fine mixes while mixes that plot below the
maximum density line are generally coarse mixes. Superpave mixes SP-B and SP-C plot
above their respective maximum density lines and mix SP-III plots below its respective
density line. Therefore, mix SP-III is a coarse mix and mixes SP-B and SP-C are fine
mixes. Of the fine mixes, SP-B is coarser than SP-C.

To prepare matrix samples for testing, loose mix material is heated at 160 degrees for just
enough time so that the mix material is separable into its constitutive coated aggregate
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sizes. Once heated, the mix is agitated on a flat surface by hand until the mix cools
below a temperature at which the binder is sufficiently liquid enough to result in binding
of the aggregate. The mix is then shaken over a customary U.S. sieve of size designation
#4 (0.187 in). All of the loose mix material passing the #4 sieve cumulatively is defined
as the matrix of the asphalt concrete mix.

3.3 Semi-Circular Samples
Sample Preparation
Each of the mixes is compacted into 6 in (15.25 cm). diameter cylinders by a Superpave
gyratory compactor using a 87.02 psi (600 kPa) vertical pressure (AASHTO T 312).
Sample height is kept to about 5.0 in (12.7 cm). Next, using a water-cooled laboratory
saw, two one-inch thick discs are sliced from the center of each cylinder in an attempt to
acquire samples with uniform air voids. Finally, the discs are halved and notched in the
center of the flat edge with 3/8 in (9.525 mm) deep slits using a laboratory saw of 1/8 in
(3.175 mm) blade thickness. Figures 3.2(a)-(c) show the compacted asphalt concrete
cylinder, sliced discs, and notched samples, respectively.

This study aims to characterize the cracking in asphalt concrete of differing air void ratio
and moisture condition. Therefore, six samples for each mix were prepared with varying
void ratios and moisture condition. Two samples are prepared at a low air void ratio
(≤ 4% air voids), two samples at a medium air void ratio (4% ≤ air voids ≤ 7%) and two
samples at a high air void ratio (≥ 7% air voids) (ASTM D-2726 1996). One sample for
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each void ratio range is subjected to moisture conditioning by standard method AASHTO
T-283 and one sample is kept dry and undamaged by moisture (AASHTO T 283 2002).

Notch Tip Location
Figure 3.3 depicts the three notch tip locations. The classification of the notch type
involves visual inspection to determine the approximate percentage area of the notch’s tip
through the thickness of the sample that is embedded in aggregate, mastic, or interface.
Depending on the maximum notch tip percentage, a notch type is chosen. For example, if
a notch tip is embedded in aggregate through 60% of the sample’s thickness, interface
30%, and mastic 10% the notch is considered an aggregate notch tip.

Sample Testing
The loading configuration for the notched sample is shown in Figure 3.4. It can be seen
that four LVDTs are mounted 0.75 in (19.05 mm) above one another beginning at the
notch tip in order to measure horizontal displacement at different locations on the sample.
Because the horizontal displacement tended to diminish toward the upper portion of the
sample the LVDTs are ordered in decreasing range from the bottom edge of the sample to
the top loading point. The ranges of the LVDTs are 0.25 in (6.35 mm), 0.1 in.
(2.54 mm), 0.1 in., and 0.005 in. (0.127 mm).

The sample is loaded vertically at a constant strain rate of 0.01 in/min (0.254 mm/min).
This loading rate was determined based on trials at different rates. It was found that a
rate of 0.01 in/min is optimal in inhibiting cracking at the supports while inducing
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cracking at the notch tip. The LVDTs are mounted using epoxy and connected to the
Labview Data Acquisition (DAQ) system. The LVDTs are mounted around a narrow
region above the notch point so as to detect only the strain and crack opening
displacement directly associated with crack initiation and propagation. The wet samples
are allowed to surface dry for approximately five minutes to promote sufficient adhesion
to the LVDT mounting blocks. Samples are loaded until the sample develops a visible
crack or fracture.

Reliability
Reliability of sample preparation and testing procedure was evaluated by preparing six
specimens of the same mix type, air void content, and notch type. Three of the samples
were soaked in water for 24 hours prior to testing and three were kept dry. Table 3.1
presents data from the testing of these specimens. The table includes: ultimate load,
COD at ultimate load, crack initiation potential, fracture load, slope of the crack
propagation curve, and initial crack velocity. For each parameter the standard deviation
and coefficient of variation is calculated. It can be seen in the table that the coefficient of
variation is less that 15% for all parameters other than the crack initiation potential. This
indicates that sample preparation is reliable enough to produce consistent results for
similar specimen types.
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3.4 Matrix Testing Samples
3.4.1 Matrix Tension Test
Sample Preparation
The cylindrical samples used for the matrix tension test are molded inside Harvard
miniature molds. These samples were prepared to a target void ratio of 4.0 ± 0.5%. The
void ratio is calculated by the mass of matrix material needed to fill the mold volume of
4.17 in3 (68.4 cm3) using a maximum specific gravity of 38.673 g/in3 (2.360 g/cm3) and
4.0 ± 0.5% air voids. The amount of mix needed to meet the void ratio requirement is
155.0 g.

The matrix material is heated in an oven at 307°F (153°C) for one hour and then
compacted in the cylindrical mold in three lifts. The lift surface faces are scored in order
to assure proper bonding of the lifts so that weak lift to lift interfaces are eliminated.
Immediately after compaction the sample is extruded from the mold and allowed to cool
to room temperature. Figure 3.5 shows the sample preparation materials and some
compacted matrix material. When cool, the samples are sliced using a lab saw at both
ends to 2.75 in (6.985 cm) in length so as to eliminate excessive voids at the ends of the
sample. The sample is assured to be twice the diameter of the sample. For wet
conditioning, samples are soaked for 48-hours under water at room temperature and
pressure.
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Testing Configuration
Figure 3.6 shows the testing configuration for the matrix tension test. The sliced ends of
the cylindrical sample are fixed with a high strength epoxy. An interface plate is used to
ensure that constant stress is applied over the sample end area. Epoxy is applied to the
bottom interface plate and sample is placed on top so that the sample sets evenly on the
surface. After the bottom interface has strengthened, the sample is fixed to the Universal
Testing Machine (UTM) at the bottom with a pin and epoxy is placed on the top sample
surface. The crosshead is then raised so that the top post comes into contact with the
epoxy in a load free configuration. This procedure was established after many attempts
at preventing failure between the epoxy and the interface plate.

3.4.2 Matrix Compression Test
Sample Preparation
The cylindrical samples for the matrix compression test are the same as the samples used
in the matrix tension test. So the procedure for preparing samples for the compression
test is exactly the same as the procedure to preparing samples for the tension test. Two
samples were prepared, one was kept dry and the other was wetted by soaking in water
for 48-hours.

Testing Configuration
The testing configuration for the compression test is very similar to the tension test.
Figure 3.6 shows the sample and machine ready for testing. When the sample was in
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compression there was no need to use epoxy to fix the sample ends in the vertical
direction.

3.4.3 Aggregate Pull-off Test
Sample Preparation
The wet and dry samples are compacted to a target void ratio of 4 ± 0.5%. Each sample
is compacted in a moisture tin. The weight of the matrix material is calculated to fill a
volume equal to 5.53 in3 (16.39 cm3). The mass of matrix material needed to meet the
void ratio requirement is found to be 205.34 g.

The matrix material is weighed and placed in an oven to heat for 1 hour at 307 °F
(153 °C). A coated aggregate is sliced parallel to one of the fractured faces of the
aggregate and then placed in the oven with the mix to heat to the compaction
temperature.

The matrix material is compacted in three lifts by hand using a metal tamp. The lifts
surfaces are scored after tamping to reduce the possibility of a weak lift to lift interface.
Prior to the final tamping of the top most lift, the fractured face of an asphalt coated
aggregate is pressed against the matrix so as to ensure contact between the matrix
material and the aggregate face. The wet samples are soaked in water at room
temperature at atmospheric pressure for 48-hours.
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Testing Configuration
The sample is tested in tension above the crosshead using a UTM. Figure 3.7 shows the
physical test setup for the aggregate pull-off test. The bottom of the sample is secured
with a high strength epoxy to a steel plate and the plate is set on top of another moisture
tin which acts as a spacer that places the sample into the operating range of the crosshead.
The steel plate is fixed in the vertical direction on both sides of the sample to the
crosshead using a system of steel bars above and below the crosshead that are linked with
all-thread, nuts, and washers. At the top of the sample, a metal post with a flat surface
facing downward is pinned to a joint that designed to eliminate unintentional moments on
the sample that are introduced during loading. It is important to reduce the possibility of
off-axis loading so that the UTM imposes only a tensile load on the aggregate/matrix
interface. An unintentional moment imposed on the sample will result in a non-uniform
stress at the aggregate/matrix interface. To assure that the load at the interface is
primarily tensile the epoxy is placed on the aggregate surface and then the crosshead is
raised to the post were the epoxy cures in an unloaded position. The epoxy is allowed to
cure for 24-hours before the sample is tested to ensure full strength at the
aggregate/machine interface. The sample is then load in tension at a rate of 0.05 in/min.
Load and displacement data are collected in real time using the IEEE interface that is
electronically tethering the computer based data acquisition system to the UTM.

3.4.4 Direct Shear Test
In this study the shear strength of the aggregate/matrix interface was tested in shear. The
test provides a load versus displacement curve that can be used to determine the reaction
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of an aggregate element to the shear force caused by a matrix element and vise versa.
When the maximum load in the shear load versus displacement curve is exceeded
slippage occurs in the model. The area of the interface is determined in order to
normalize the load versus displacement curves for the dry and wet samples.

Sample Preparation
Samples were prepared to a target void ratio of 4.0 ± 0.5%. This requirement was met by
calculating the amount of matrix material necessary to fill the bottom half of the direct
shear box using a specific gravity equal to 38.673 g/in3 (2.360 g/cm3) leaving room for
4 ± 0.5% air voids. The mass of matrix material needed to fulfill the void ratio
requirement is 117 g.

The required mass of matrix material and an aggregate are placed in an oven and heated
for one hour at 307 °F (153 °C). The hot matrix material is then compacted in two lifts
into the bottom half of the shear box. Just before the final compaction of the top layer a
coated, fractured face of the hot aggregate is pressed onto the surface of the top lift and
the compaction to the required volume is then completed to ensure proper contact
between the aggregate and the matrix. The aggregate volume is firmly contacting the
matrix before the sample is left to cool. One sample is left in a dry condition and the
other is soaked in room temperature water at atmospheric pressure for 48-hours.
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Test Configuration
The top of the shear box is placed on the bottom of the shear box and the apparatus is
placed into the direct shear machine. The set screws in the shear box are removed and
the height of the top of the shear box is raised so that no matrix material impedes the
shearing of the aggregate. The bottom of the shear box is then advanced in order to bring
the top of the shear box into contact with the aggregate. Figure 3.8 shows the
configuration of the apparatus before the test.
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CHAPTER 4

Analysis of Cracking Parameters
4.1 Introduction
Cracking in asphalt concrete is a two stage process involving the initiation of a crack
followed by propagation. LEFM and EPFM theory has lead to parameters such as the
critical stress intensity factor, K IC, and the fracture energy, JIC, respectively. These
parameters quantify the susceptibility of a specimen to cracking, but are cumbersome to
obtain in a laboratory setting. Therefore, cracking parameters that are derived directly
from load and displacement data are advantageous when laboratory evaluation of asphalt
concrete is necessary.

This chapter describes the analysis of six cracking parameters determined from
laboratory testing of the SCB specimens. Table 1 shows Test Matrix A, a total of 24
samples with different properties were tested for the evaluation in this chapter. Half of
the samples are compacted to 7% void ratio and the other half to 4% void ratio. Half of
the samples are soaked in water for 24 hrs prior to testing to induce moisture damage on
the sample. Focus is given to the notch tip location in order to emphasize variations in
crack initiation. Two replicates of each sample type are tested.

The parameters used to characterize crack initiation are the ultimate load (P ult), the
cracking potential (Uult), and the LVDT 4 crack opening displacement at ultimate load
(CODult). The cracking potential is defined as the area under the load versus COD curve
up to the crack initiation point. Three parameters are used to characterize the crack
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propagation phase. These parameters are the fracture load (Pf), which is the load at
fracture, the slope of the crack propagation path (θ), which is the change in load for a
COD value of 0.035 in. past CODult, and the crack velocity (v), which is defined in a later
section of this paper. In summary, three parameters (Pult, CODult, and Uult) are used to
characterize crack initiation and three parameters (Pf, θ , and v) are used to characterize
crack propagation while varying notch type, void ratio, and moisture condition.

4.2 Laboratory Parameters
Figure 4.1 is the load versus horizontal displacement data for four LVDTs for a sample of
mix SP–B. The load versus horizontal displacement curve in Figure 4.1 is divided into
two portions: the crack initiation phase and the crack propagation phase. The portion of
the loading curve beginning at the onset of loading up to the crack initiation load is the
crack initiation phase of the cracking process. In this phase micro cracks and micro voids
are formed without reduction in loading. The crack becomes visible at the crack
initiation load (Pint), which is defined as the crack initiation point. This value is
determined by laboratory observation. Any increase in the horizontal displacement after
crack initiation is considered actual crack width, or crack opening displacement. The
sample continues to sustain increasing load as the crack propagates through the sample.
The sample attains ultimate load (Pult) at maximum point of the load versus displacement
curve. After which, the load starts to decrease as the COD increases. A finite crack is
visible in all samples when LVDT 4 measures a COD value of 0.035 in. after the COD
value at ultimate load. In this study fracture is defined when the COD value reaches
0.035 in past the COD at ultimate load. From laboratory observation, the authors
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discovered that in some of the samples, if testing continued 0.035 in beyond CODult
several cracks occur in the sample. This makes it extremely difficult to capture the crack
width, which is the main objective of this study.

While Pint can be used as a measure of crack initiation and Pult indicates the overall
strength of the sample, the difference between the ultimate load and the crack initiation
load (Pult - Pint) is used to characterize a sample’s resistance to failure due to cracking.
For example, a sample that can withstand 50 lb additional load after crack initiation as
opposed to 20 lb additional load has a higher strength in the presence of cracking.

Two parameters are used to characterize propagation: the crack velocity (v) and the slope
of the crack propagation curve (θ). The crack velocity is defined in a later section of this
document. The slope of the crack propagation curve (θ), is the change in load (dP) for a
COD value of 0.035 in. past the COD at ultimate load.

4.3 Crack Path in Asphalt Concrete
Figure 4.2 shows a typical crack propagation path as observed in the laboratory. Crack
propagation is shown in Figure 4.2 by use of three photos taken during testing of a mix
SP-B sample. In Figure 4.2(a), the crack initiates at the notch tip. The chalk around the
notch tip helps to make this crack initiation more visible so as to accurately note the time
and load of crack initiation. Figure 4.2(b) shows the common occurrence of crack
propagation along aggregate-mastic interfaces. In addition, Figure 4.2(b) shows that one
aggregate-mastic interface becomes less preferable for crack propagation, the crack path

28

will transfer quickly to another interface. Abrupt transfer of a crack between aggregatemastic interfaces demonstrates the crack’s preference for propagation along an interface.
In Figure 4.2(c), the crack is shown to propagate in a staggered path due to the lack of a
conveniently located interface. This crack wandering suggests that cracking in the mastic
occurs without a defined pathway.

4.4 Determination of Crack Velocity
Crack velocity is calculated from the COD and time. Crack velocity is defined as the
distance traveled by the crack (Δl) divided by the time elapsed. That is:
o=

Dl
Dt

(1)

where: o = velocity
Dl = crack length
Dt = time elapsed

Figure 4.3 shows a schematic of a crack (same width) appearance at two difference
locations. At time, t=t1 the crack initiates (COD=CODult) at the crack tip or LVDT 4.
From the data acquired, the time (t=t2) can recorded when the same width (CODult)
appears at LVDT 3 location. As a result, Δt = t2 - t1 and distance travelled by the crack,
Δl = 0.75 (distance between the LVDT 4 and LVDT 3). Velocity can be calculated by
using these values in Eq. 1; however, this is an average velocity in the region between
LVDT 4 and LVDT 3. For a continuous velocity profile, time series of data collected by
LVDTs are used to find the distance travelled by the crack of same width (i.e. CODult).
The following paragraph explains how the time series of LVDT data are used to
determine the distance travelled by the a crack.
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The four LVDTs implemented in this study detect the presence of the crack by reading
out a value for horizontal displacement equal to CODult, which is the the crack initiation
width for a given sample. When this value is detected in subsequent LVDTs as the crack
propagates, the distance travelled by the crack can be determined with reference to time
or load. For example, when CODult is measured by LVDT 3, the crack is considered to
have traveled 0.75 in from LVDT 4 to LVDT 3. Based on this principle, it is possible to
interpolate the location of the crack initiation point, or the length of the crack, at any
given time. This is accomplished by use of a chart shown in Figure 4.4.

In Figure 4.4, half of the horizontal displacement is plotted as a function of distance from
the notch tip. Each line is plotted using four data points, one from each LVDT at a given
time. In order to interpolate the crack length a horizontal line is drawn through the COD
value (0.015 in) at LVDT 4 corresponding to crack initiation, CODult. The intersection of
this horizontal line with any one of the other lines is considered as the location of the
crack tip at that time interval. The distance of such intersection points from the origin are
noted as the distance from the notch tip to the crack tip, or the distance traveled by the
crack. The vertical dotted lines are plotted in Figure 4.4 show the increasing distance
traveled by the crack tip at equal time intervals. Crack velocity is calculated using this
distance at different time intervals. It is clear as the crack travels from the notch tip to the
top of the sample that the velocity of the crack decreases.
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Figure 4.4 can be exploited in order to understand three different regions along the crack
propagation path: the compression region, the tensile deformation region, and the crack
widening region. The compression region in the sample denotes locations where the
LVDT has recorded negative COD values. The tensile deformation region in the sample
is located where no crack is present (below the horizontal line where COD = 0.015 in =
CODult), but positive values are recorded by the LVDTs. The crack widening region is
above the horizontal line passing through the COD at the crack initiation point. From
Figure 4.4, it is evident that there is not a linear relationship between crack widening and
crack growth.

In the following section, the effect of varying mix type, air void ratio, and moisture
condition are evaluated using the defined parameters above.

4.5 Evaluation of Crack Initiation Parameters
4.5.1 Ultimate Load, Pult
Figure 4.5 is a bar chart showing the average and actual ultimate loads for three notch
types at 4% and 7% void ratio under dry and wet moisture conditions. The effects of
notch type, sample conditioning and void ratio on ultimate load are discussed below.

Effect of Notch Type on Pult
From Figure 4.5, it can be seen that samples with an aggregate notch type have higher
ultimate loads than the samples with interface or mastic notch types. This is expected
because aggregate is usually stronger than mastic or binder in an asphalt concrete. It is
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evident from both Figures 4.5(a) and (b) that the ultimate load does not differ
significantly between samples having a mastic notch type and samples having an
interface notch type. Ultimate load indicates a sample’s resistance to crack initiation.
Therefore, mastic and interface notch type samples exhibit similar resistance to cracking.

Effect of Moisture Condition on Pult
Figure 4.5 indicates that cracks initiate at higher ultimate loads in wet samples than those
in the dry samples. This may be explained by damage that is observed at the supports
during the loading process. It is known that moisture causes damage (adhesive and
cohesive damage) in asphalt concrete. The damaged or soft samples more readily deform
at the supports rather than show cracks at the notch tip. Crack opening at the notch tip
requires bending instead of deformation at the supports. On the other hand, stiff or hard
samples will not show damage at the support, rather it will more likely crack at the notch
tip due to bending. Therefore, when the samples in this study are damaged by moisture,
the deformation at the supports due to loading may decrease the amount of bending
required for crack initiation resulting in larger ultimate loads.

Effect of Void Ratio on Pult
Figure 4.5(a) shows the ultimate load for samples with 4% void ratio while Figure 12(b)
shows the ultimate load for samples with 7% void ratio. Overall, it can be seen that the
ultimate load does not vary consistently with a change in void ratio. This is likely
because crack initiation occurs at the notch tip, which is only a point compared to the
entire area of the sample over which the air voids are distributed. This is more true when

32

comparing mastic and interface notch type samples in Figures 4.5(a) and (b). However,
for the case of wet aggregate notch type, samples with 4% air voids have shown higher
ultimate loads at crack initiation than samples with 7% air voids.

4.5.2 Crack Opening Displacement at Ultimate Load, CODult
Figures 4.6(a) and (b) show the average and actual crack opening displacement of
samples with 4% and 7% air voids. The larger the COD, the more lateral displacement
near the notch tip before crack initiation point.

Effect of Notch Type on CODult
From Figure 4.6(a) and (b), there is no clear trend in COD value due to aggregate, mastic,
and interface notch types. The COD results from lateral displacement due to the opening
of micro voids and micro cracks due to tensile stress and sagging of the sample due to
bending. The CODult value reflects the displacement of the entire matrix of material
between the LVDT mounting blocks rather than just the material at the notch tip.
Therefore, the notch type has very little effect on CODult.

Effect of Moisture Condition on CODult
When comparing wet versus dry samples for 4% air voids (Figure 4.6(a)), the wet mastic
and interface samples show higher COD values than the dry samples. This result
indicates that the wet samples will deform more laterally compared to the dry samples. In
dense samples (4% air voids), deformation is due to shear flow, therefore the material
displaced laterally in order to maintain volume continuity. In contrast, when comparing
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wet versus dry samples for 7% air voids (Figure 4.6(b)) the wet mastic and interface
samples have smaller COD values than the dry samples. The vertical deformation in 7%
air voids samples occurs due to compaction. Furthermore, soft, wet samples compact
more than hard, dry samples, thereby resulting in a reduction of lateral displacement in
wet samples. It is difficult to explain the difference in COD values between wet and dry
samples with aggregate notch type using this COD parameter.

Effect of Void Ratio on CODult
The effect of void ratio on CODult is explained in the previous paragraph. The main
difference in COD between 4% and 7% air void samples is due to the deformation
mechanisms, which are shear flow and compaction for the 4% and 7% air voids samples,
respectively.

4.5.3 Cracking Potential, Uult
Figures 4.7(a) and (b) show the average and actual cracking potentials of asphalt concrete
samples at 4% and 7% air voids. Cracking potential is defined as the strain energy stored
in the sample during the crack initiation phase. Samples store energy through micro-void
opening and micro–fiber straining under the applied load.

Effect of Notch Type on Uult
Figure 4.7(a) shows that the samples with an aggregate notch type have higher cracking
potential values than the samples with mastic and interface notch types. Figure 4.7(b)
shows that the wet sample with an aggregate notch type has a higher cracking potential
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compared to the wet samples with mastic and interface notch types. This, however, is not
true for the dry samples. Therefore, there is no clear trend of the effect of notch type on
cracking potential.

Effect of Moisture on Uult
It is clear in Figures 4.7(a) and (b) that the wet samples have higher values for cracking
potential than the dry samples. This illustrates that wet samples store more energy than
the dry samples before crack initiation. Also, it can be noted that in the case of mastic and
interface samples the increase in cracking potential is significant at 4% air voids. From
this study, it is not possible to explain how the moisture conditioning has affected the
ductility of the asphalt concrete. This will require an understanding of bonds at asphaltwater-aggregate interfaces, which occur at the molecular scale. Such an analysis is
beyond the scope of this study.

Effect of Void Ratio on Uult
From Figures 4.7(a) and (b) it can be seen that dry samples with 4% air voids have lower
cracking potential compared to the dry samples with 7% air voids. Samples with 7% air
voids are expected to have lower stiffness than the samples with 4% air voids. Also,
Figures 4.7(a) clearly shows that samples at 4% void ratio have a consistent increase in
cracking potential when wet. The increase due to wetting in 7% void ratio samples is
largest for the sample with an aggregate notch type, while the increase in the mastic and
interface notch type samples due to wetting is smaller. It appears that increasing the
amount of air voids decreases the dry sample stiffness, and increasing air voids in wet
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samples increases the stiffness. Therefore, no clear trend of how air voids affects
cracking potential is evident from this study.

4.6 Evaluation of Crack Propagation Parameters
4.6.1 Fracture Load, Pf
Figures 4.8(a) and (b) show average and actual fracture loads for samples with 4% and
7% void ratios. As mentioned earlier, the fracture load is an indication of the sample’s
load carrying capacity at fracture. The following paragraphs discuss the effect of notch
type, moisture condition, and void ratio on the fracture load.

Effect of Notch Type on Pf
Figures 4.8(a) and (b) indicate that the aggregate notch sample sustains the largest load at
fracture. Samples with mastic and interface notch types exhibit similar fracture load.
This is likely because samples with aggregate notch type have higher peak values at crack
initiation compared to the samples with other notch types. This indicates that the notch
location does have an effect on cracking

Effect of Moisture Condition on Pf
Overall, Figures 4.8(a) and (b) show that the wet samples have higher load at fracture
than the dry samples. As shown previously, wet samples have higher ultimate load,
which may result in higher fracture load.
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Effect of Void Ratio on Pf
Overall, the values for fracture load are larger for the 4% void ratio samples than for the
7% void ratio samples. This is similar to what is seen in the case of ultimate load
previously. Fracture load is probably is not a good parameter to distinguish sample’s
fracture behavior due to air voids.

4.6.2 Average Slope of the Crack Propagation Curve, θ.
The average slope of the crack propagation path is defined as the slope of the load versus
COD curve after the ultimate (peak) value of the load. A higher value of the slope means
there is more cracking in the sample, because the cracking is the primary mechanism for
the decrease in magnitude of the applied load. Figures 4.9(a) and (b) show the average
slope of the crack propagation curve for 4% and 7% void ratios, while figures 4.9(c) and
(d) show the actual values for each tested specimen. The slope represents crack
propagation during 0.035 in. of crack width increase at the notch tip beyond CODult.

Effect of Notch Type on θ
From Figures 4.9(a) and (b), overall the mastic and interface samples exhibit similar
behavior in the slope of the crack propagation curve. Mastic and interface strengths
originate mainly from binder cohesion, therefore a crack propagating through similar
materials, which behave similarly. On the other hand, Figure 4.9(a) shows that the
aggregate notch type sample has the lowest value for the slope, but Figure 4.9(b) shows
that the aggregate notch type sample has the highest value for the slope. This difference
can be explained using two cases of crack propagation in samples with aggregate notch
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type observed in the laboratory. In one case, the crack propagates by splitting of the
aggregate located at the notch tip. In the other case, the crack does not split the aggregate
located at the notch tip, rather the crack initiates at the nearest interface along the notch
surface.

Effect of Moisture on θ
The wet samples with aggregate notch type in 7% air voids samples don’t indicate an
increase in slope, moisture conditioning increases the magnitude of the slope overall.
Therefore, wet samples tend to show higher load decrease (higher slope) during crack
propagation than the dry samples. This is in contrast to the earlier finding that wet
samples resist crack initiation more so than dry samples. During crack propagation, a
crack has to separate bonds in the mastic or asphalt binder to open the crack. Moisture
weakens the bonds in the asphalt-aggregate system and allows for easier crack
propagation through the samples weakened by moisture than through the dry samples.

Effect of Void Ratio on θ
The wet samples at 7% air voids have higher magnitude in the slope compared to the
slopes at 4% air voids. This trend can also be seen for the dry samples. This shows that
once the crack has initiated, the crack propagation is dependent upon the void ratio of the
samples. When a crack propagates, if the crack encounters a void no additional work is
needed to continue crack propagation. On the other hand, if the crack encounters an
aggregate particle or a mastic volume, additional work is necessary to separate the matrix
resulting in a smaller value for the slope.
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4.6.3

Crack Velocity, v.

Effect of Notch Type on v
Figures 4.10(a) and (b) show samples under dry and wet conditions with 4% void ratio
while Figures 4.10(c) and (d) show samples under wet and conditions with 7% void ratio.
At 7% air void all of the notch types show similar behavior, however at 4% air voids
there is not clear trend in the peak velocity due to notch type.

Effect of Moisture Condition on v
Figures 4.10(a) and (b) show crack velocity for dry samples, whereas Figures 4.10(c) and
(d) show crack velocity for wet samples. Clearly, there is no effect of wet/dry conditions
on the peak velocity. On the other hand moisture conditioning has affected the peak
velocities of samples with 4% air voids. The aggregate and interface notch type samples
both exhibit an increase of peak velocity due to wetting, while the mastic peak velocity
shows a decrease. The mastic notch sample shows the most drastic change due to wetting
in 4% air voids. It is likely that the mastic has incurred the most damage.

Effect of Void Ratio on v
Figure 4.10 clearly shows that samples with 7% air voids have cracks with lower peak
velocities compared to those in samples with 4% air voids. At lower air voids, materials
being more continuous have lesser number of voids at which crack propagation is
interrupted. Additionally, peak velocities drop sharply in samples with 4% air voids
compared to samples with 7% air voids.
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4.7 Observations
From this study, the following remarks can be made:
•

Cracks tend to propagate along the interface of aggregate and the matrix.

Some observations related to Pult when characterizing crack initiation:
•

Aggregate notched samples show higher Pult while mastic and interface notch
types perform similarly.

•

Moisture conditioning results in damage that leads to higher values for the
ultimate load.

•

Void ratio has apparently no effect on ultimate load.

Some observations related to CODult when characterizing crack initiation:
•

Notch tip location has no effect on the CODult.

•

Because of compaction at the supports, CODult is low in 7% air voids samples
compared to CODult in 4% air voids samples.

•

Moisture exacerbates the effects of void ratio on CODult.

Some observations related to Uult when characterizing crack initiation:
•

There is no clear trend of the effect of notch type on cracking potential.

•

Uult shows that wet samples are able to store more energy during the crack
initiation process, hence less cracking.

•

No clear trend of how air voids affects cracking potential is evident from this
study.

Some observations related to Pf while characterizing crack propagation:
•

The trend for fracture load is similar to that for crack initiation load.

40

•

Wet samples exhibit a higher load at fracture than dry samples.

•

The fracture load parameter didn’t show any effects of void ratio.

Some observations related to θ while characterizing crack propagation:
•

The value of the slopes of the crack propagation curve for interface- and
mastic-tip samples are similar, while aggregate notch type sample has a slope
dependent upon the crack path.

•

Wet samples tend to show higher load decrease (higher slope) during crack
propagation than the dry samples.

•

The slope of the crack propagation curve shows that cracks propagate more
easily in samples with high air voids.

Some observations related to v while characterizing crack propagation:
•

There is no effect of notch type on peak velocity.

•

Moisture had an effect on the peak velocities of dense samples, but none on
more porous samples.

•

Cracks propagate faster initially in dense samples than in porous samples.

4.8 Conclusions
In summary, P ult performs best in characterizing crack initiation by distinguishing well
between samples of varying notch type and moisture condition. None of the crack
initiation parameters showed that crack initiation is affected by void ratio. Overall, these
parameters show that cracks initiate more readily in the mastic or at an interface within
the asphalt concrete sample. Also, because of damage at the supports, wet samples
showed more resistance to crack initiation. Parameters v and θ work well in conjunction

41

to describe the affects of notch type, moisture condition, and void ratio on crack
propagation. Notch type had no effect on crack propagation with the exception of
varying crack path in the case of aggregate notch type samples, as revealed by θ . A n
increase in cracking potential due to moisture was evident with the use of θ . The
contribution of void ratio in aiding the process of crack propagation was demonstrated by
increased v in 7% air voids samples.
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CHAPTER 5

Analysis of Cracking in Superpave Mixes
5.1 Introduction
Cracking in asphalt concrete aids in the introduction of water to a mix which can lead to
stripping of the binder from the aggregate. Current standards for the approval of an
asphalt concrete mix design do not include limitations on cracking in a mixture. A
comparison of Superpave mixes of varying gradation by use of laboratory testing would
help in establishing a standard for cracking resistance in asphalt concrete. Few studies
have evaluated fracture in notched specimens of various mix type (Wagoner et al. 2005b,
Wu et al. 2005, Zhang et al. 2001). In addition, none of these studies have implemented
the use of crack width away from the notch tip in data analysis. Crack width, as
demonstrated in chapter 4, can be useful in determining the crack velocity within
specimens of varying mix type, thereby offering an estimation of a pavement structure’s
service life.

In this chapter, specimen properties are evaluated using cracking parameters used in
Chapter 4. Table 5.1 shows Test Matrix B, the distribution for the 18 specimens
evaluated. Specimen properties highlighted in this analysis include mix type, void ratio,
and the moisture condition. The range of void ratio has been expanded to investigate
possible trends in cracking, and the AASHTO T283 procedure has been applied to half of
the samples to standardize and amplify the moisture damaged condition. Video was
taken of the cracking process and it was discovered that crack initiation occurred at a load
slightly less than the ultimate load. The parameter P int is introduced in order to
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investigate crack initiation and the subsequent loading portion until ultimate load.
The parameter Pint is used as a measure of crack initiation and Pult indicates the overall
strength of the sample. The difference between the ultimate load and the crack initiation
load (Pult - Pint) is used to characterize a sample’s resistance to failure to cracking. For
example, a sample that can withstand 50 lbf additional load after crack initiation as
opposed to 20 lbf additional load has a higher strength in the presence of cracking.

Two parameters are used to characterize propagation: the crack velocity (v) and the slope
of the crack propagation curve (θ ). In summary, one parameter (P int) is used to
characterize crack initiation, one parameter (P ult) is used to characterize a sample’s
strength, and two parameters (θ and v) are used to characterize crack propagation while
varying mix type, void ratio, and moisture condition.

5.2 Effect of Air Voids on Pult, Pint, and v.
Figures 5.1(a) and 5.1(b) are scatter plots of the ultimate load (P ult) and the crack
initiation load (Pint) versus air voids for each sample tested in this study. A second order
trend line is fit to the data in each plot. The equation for the trend line and the coefficient
of variation is displayed on each plot. Similar plots can be made for the only the wet and
dry samples respectively for the ultimate load and the crack initiation load. The
equations for the trend lines and the R2 values for these plots are listed in Table 5.2. The
coefficient of variation (R2), is significantly less than unity for each plot, although the R2
for the wet samples only is near 0.5 for both Pult and Pult. Even though 0.5 is indicative
that there is no trend, the consistently larger R2 value for wet samples suggests that air
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void ratio is more influential on the ultimate load and crack initiation load on wet
samples than on dry samples.

Figure 5.2(a) shows the crack velocity versus the crack length in mix SP-B for three dry
samples of varying void ratio and three wet samples of varying void ratio. It can be seen
from the plot in that the samples of low and medium air void ratios show similar trends in
crack velocity. The velocity starts highest at an initial value of about 3.25 in/min for the
wet samples and about 5.25 in/min for the dry samples, and then decreases at similar
slope until the end of the test. The samples with the highest void ratio exhibit higher
initial crack velocity. The crack velocity in the high air voids samples appears to be most
variable. It is possible that the increased amount of air voids in a sample leads to an
increase in crack velocity by providing a crack pathway that requires less actual fracture
of material.

It can be seen clearly in both Figures 5.2(a) and 5.2(b) that wet samples generally exhibit
slower cracks. The moisture damage process softens a sample, creating more ductility
that allows for greater amounts of bending before fracture.

5.3 Effect of Moisture on CODult, Pult, Pint, and v
Figure 5.3 is a bar chart that shows the average crack opening displacement at ultimate
load for all dry and wet samples of each mix type evaluated in this study. The range of
the samples tested is shown with the error bars. The COD at ultimate load (CODult) is an
indication of the amount of cracking necessary to induce failure in a sample. Figure 5.3
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indicates that, in general, wet samples experience higher COD at ultimate load than dry
samples. The average COD for the dry samples of all mix types is 0.021 in and the
average COD for the wet samples of all mix types is 0.035 in. So, the moisture damage
process facilitates the widening of cracks up to the point of ultimate load.

Figure 5.3 also shows that the highest values for CODult occur in mix SP-B while the
lowest values occur for mix SP-III. Mix SP-B is a fine mix with a softer binder than the
coarse mix SP-III. So, greater amounts of displacement should be expected in mix SP-B
than mix SP-III. Mix SP-B contains a larger percentage of coarse aggregate than mix
SP–C. The interface existing between coarse aggregate and mastic material is susceptible
to damage and could allow for increased COD when compared to a sample with less
coarse aggregate.

Figures 5.4(a) and 5.4(b) show the average ultimate load and average crack initiation load
for wet and dry samples of each mix type. The error bars show the range of the samples
tested. Figure 5.4(a) shows that the crack initiation load for dry samples in mixes SP-B
and SP-C, while the crack initiation load in mix SP–III is higher for wet samples. This
trend indicates that dry samples will take more load before crack initiation. This is
expected since moisture is known to damage asphalt concrete. From Figure 5.4(b), the
ultimate load for the wet samples is higher than or comparable to the ultimate load for dry
samples. The average of the ultimate load for the wet samples is 302 lb, while the
ultimate load for the dry samples is 282 lb. The moisture damage in asphalt concrete
results in increased ductility. The ductility in the sample allows for higher levels of

46

strain. When the sample is strained the sample hardens as the air voids close. This effect
is known as strain hardening.

Table 5.2 has a list of values for the difference between the ultimate load and the crack
initiation load (Pult – Pint). It can be seen from these load difference values that the values
for wet samples are consistently higher than those for the dry samples. This trend
indicates that after cracks have initiated in asphalt concrete, wet samples will withstand
failure better than dry samples. This could be because wet samples are less brittle than
dry samples.

5.4 Effect of Gradation on Pint, Pult, v, and θ
Figures 5.4(a) and 5.4(b) show the average Pint and P ult for wet and dry samples of each
mix type with the range of samples tested denoted by error bars. For the average crack
initiation load, it can be seen in Figure 5.4(a) that mix SP-III generally has the highest
average crack initiation load while mixes SP-B and SP-C. Distinct differences between
mix SP-III from mixes SP-B and SP-C are the stiffer binder contained in mix SP–III and
the high percentage of coarse aggregate. Any of these two mix characteristics could be
contributing to the observed trend.

Consider the average ultimate load for each mix type in figure 5.4(b). There is a general
trend of increasing ultimate load and crack initiation load with SP-B being the lowest in
load, and SP–III being the highest. This is explainable because mix SP-III is a coarse
mix that is expected to withstand larger loads. Of the two finer mixes, SP-B and SP-C,
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SP-B contains a higher percentage of coarse aggregate and therefore more interface along
which a crack can continuously propagate.

Figure 5.2(a) shows the crack velocity for wet and dry samples of the three different
mixes tested in this study. The crack velocity reveals no clear trend between aggregate
gradation and cracking. One might expect that crack velocity be highest in coarser
samples due to interface cracking.

Figure 5.5 shows the average slope of the crack propagation curve for each mix type.
Mix SP-III has the largest slope of the three mixes and mix SP-B has the smallest slope.
The slope of the crack propagation curve (θ) is a measure of the sample’s resilience to
cracking damage as the crack width increases. In that respect, the coarse mix has the
least resistance to cracking damage. Preferred cracking along aggregate-mastic interfaces
may indicate that the bond along the interface is weaker than that inside the mastic or
aggregate. The large load decrease observed in mix SP-III can then be explained by
realizing that mix SP-III is a coarse mix with large continuous interfaces along which
cracks can propagate. These quasi-continuous crack path–ways facilitate extensive crack
propagation and therefore high structural damage that leads to a decrease in load carrying
capacity.

One might suspect that if coarse aggregate present in a mix leads to a large load decrease
then mix SP-B should exhibit a larger load decrease than mix SP-C. The average value
of load decrease for mix SP-C is somewhat misleading because one value is extremely
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high, while the remaining values are generally less than 20 lb. If the outlying value for
SP-C is overlooked, the average load decrease decreases to 34 lb. This hierarchy of load
decrease well supports the interface cracking hypothesis.

5.5 Conclusions
In this study, different semi-circular notched asphalt concrete samples are subjected
to continuously increasing static load. The resulting crack path and crack width are
captured using LVDTs as a function of time and distance from the notch. Based on
the analysis of laboratory data the following conclusions are made:
•

Specimens with greater air voids showed faster cracks than specimens with lesser
air voids.

•

Cracks are wider at ultimate load in wet samples than in dry samples. Also, cracks
propagate more slowly in wet samples. In addition, wet samples tend to resist
failure after crack initiation better than dry samples as shown by higher Pult and
Pult – Pint values.

•

The coarse mix in this study failed at higher loads than the fine mixes. Mixes
with more coarse aggregate allow for continuous crack propagation along
aggregate-mastic interfaces, leading to steeper unloading curves after the ultimate
load. All three mixes showed similar crack velocities.

49

Chapter 6
Evaluation of Matrix Cracking
6.1 Introduction
Crack path may play an integral part in the cracking resistance of asphalt concrete as a
crack will initiate within the weakest phase and then propagate along the path of least
resistance. Evaluation of bond strength at the interface between aggregate and mastic and
within the matrix of material aggregate passing the #4 sieve and binder can lead to
insights on the nature of cracking in asphalt concrete. Identifying the weak points within
an asphalt concrete can aid engineers in the design of asphalt concrete that is more
resistant to cracking.

This chapter describes testing the matrix material and the interface between the aggregate
and the matrix for strength in tension, compression, and shear. Half of the samples were
soaked in water for twenty-four hours prior to testing. The different modes of failure are
analyzed to determine their influence on cracking in asphalt concrete. This chapter
describes the results for the matrix tests developed for this study.

6.2 Matrix Tension Test
The samples are tested in tension at a strain rate of 0.05 in/min. (1.27 mm/min). The
samples failed at the lift interfaces. Figures 6.1(a) and 6.1(b) are the load versus
displacement curves for dry and wet samples. The dry sample withstood a slightly higher
load than the wet sample. It can also be seen from the curves that in the dry sample at

50

120 lbf the data points become more spaced, indicating a greater strain rate. This
increase in the strain rate is not present in the wet sample.

6.3 Matrix Compression Test
The samples were tested at a constant strain rate of 0.05 in/min in compression. The
samples initially bulged and then fractured along a diagonal plane as normally seen in
soil testing. Figures 6.2(a) and 6.2(b) are the load versus displacement curves for the dry
and wet sample.
It can be seen from the graphs that the wet sample sustained a significantly higher load
than the dry sample. Total load is carried by the coated aggregate and the pore water
inside the sample. Upon nearing maximum load, a pressure level inside the sample is
achieved beyond which water can no longer stay inside the sample. This pressure is
termed the exudation pressure. During the test of the wet sample water could be seen
leaving the sample from the base and the side. Figure 6.3 shows the exudation of water
from the wet sample during testing.

6.4 Aggregate Pull-off Test
Figures 6.4(a) and 6.4(b) show stress versus strain curves for dry and wet samples. Both
curves exhibit a couple thousandths of an inch of displacement and then drop quickly
after the ultimate load. The slopes of the cures appear similar, although the load for the
dry sample is approximately 40 lbf higher that the load for the dry sample at a vertical
displacement of 0.002 in. Therefore, the dry sample interface exhibits a higher modulus
of elasticity that the wet sample.
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It can be noticed by comparison that the strength of the aggregate/matrix interface for the
wet sample is approximately half of the strength for the dry sample. This observation
alone indicates that wetting significantly reduces the tensile strength of the interface
between the aggregate and the matrix.

6.5 Direct Shear Test
The aggregate is loaded with a shear force at a rate of 0.01 in/min. This rate was reduced
from 0.05 in/min, as used in the other three tests, in order to increase the test duration for
data collection purposes. Figures 6.5(a) and 6.5(b) are the load versus displacement
curves for the dry and wet samples. It can be seen from Figure 6.5(a) and 6.5(b) that the
wet sample failed at a higher shear load than the dry sample. It can be noted that the
amount of displacement during loading for the wet sample is higher than the dry sample.

6.6 Results and Discussion
The load versus displacement curves captured by each test allow for an analysis of stress
and strain for each loading condition. Each test is designed to evaluate the matrix
material strength in compression, tension, shear, and adhesion to aggregate. Further more
each test is conducted on a dry and wet sample to determine the effect of water on each
particular mode of failure.

Sample dimensions are necessary in order to determine the stress and strain for each test.
After dividing load and displacement by the effective area and length respectively, three
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parameters can be determined from the resulting stress versus strain curve. The
maximum stress, σmax, is the highest stress the sample experiences during the test. Strain
at maximum load, εσma, is the amount of strain present at σmax. And the initial modulus of
elasticity, Eo, is the initial slope of the stress strain curve. In the following sections these
three parameters are discussed for each sample tested.

Maximum Stress
Figure 6.6 shows σmax for each test at both dry and wet conditions. It can be seen that the
matrix material has the most strength when loaded in compression. The maximum stress
levels for the tension, adhesion, and shear tests are similar when compared to the
compression test, indicating that the tension, adhesive and shear strengths of the matrix
material are similar.

When the samples are wetted, the compression and shear tests both see a decrease in the
maximum stress. The tension and adhesion tests both show an increase in maximum
stress.

It is interesting to note that the matrix compression test resulted in shear failure along a
45 degree angle. That being said, a common factor between the direct shear test and the
compression test that is not present in the tension and adhesion tests is shear failure.
A similar argument can be posed for the tension and adhesion tests. In both cases the
mode of failure is tension. In both cases wetting of the sample lead to a decrease in the
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maximum stress. Therefore, it can be said that sample wetting affects a sample in such a
way as to decrease the tensile strength.

Strain at Maximum Stress
Figure 6.7 shows the strain for samples of both dry and wet conditions for the matrix
compression, matrix tension, interface shear, and aggregate pull-off tests. The figure
shows that the adhesion test has the highest strain at maximum stress compared to the
other three tests. The compression test has the second highest strain, and the tension and
shear tests have similar amounts of strain.

The strain for the adhesion test is significantly higher than the other three tests. This is
because although the displacement at maximum stress is small (.005 in) the thickness of
the interface is very small. The thickness of the interface is approximated to be twice the
film thickness for mix SP-B. By calculation, that value is .000591 in (15 µm).

The effect of sample wetting on the strain at maximum stress is less pronounced than
with maximum stress. Figure 6.7 shows that the strain increased for wet samples in the
shear and compression tests, and not in the tension and adhesion tests. An increase in
strain in the wetted samples is and indication that the wetting process softens the binder.

Initial Modulus of Elasticity
Figure 6.8 shows the initial moduli for each test sample at both dry and wet moisture
conditions. The values for the adhesion test are not comparable in the chart due to the
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fact that these values are significantly lower than those for the tension, compression, and
shear tests. The small Eo values for the adhesion test result from high strain at the
interface between the aggregate and matrix material.

Figure 6.8 shows that the Eo values for the matrix material in tension, compression, and
shear are between 20 kpsi and 30 kpsi. Upon wetting, the samples used in the tension
and compression tests show an effect due to the moisture, although the shear samples do
not indicate as great as an effect. The wet sample in the tension test shows an increase in
the initial modulus of elasticity, but the converse applies for the tension test. An increase
in the initial modulus of elasticity indicates a stiffening of the material in question.
Therefore, the increase in Eo for the wet sample in tension indicates that the sample has
stiffened, while the wet sample in compression has softened. This result demonstrates
that a moisture damaged binder inside a asphalt concrete mix behaves differently in
compression than in tension.

6.7 Conclusions
•

The matrix material has more strength in compression than it does in tension.

•

The maximum stress for each test increased for wet samples where shear is the
primary mode of failure (compression test and direct shear test) and decreased for
wetted samples where tension is the primary mode of failure (matrix tension test
and aggregate pull-off).
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•

Similar to the maximum stress, the strain at max stress also increased for wet
samples in tests where shear is the primary mode of failure, and decreased for wet
samples in tension.

•

The adhesion test showed that the interface has an extremely high strain. This
result is due to the small thickness of the interface.

•

Due to the high strain in the adhesion test, the initial modulus of elasticity is very
low for the adhesion test samples.

•

Each test showed a decrease in Eo for wet samples except the tension test.
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Chapter 7
Conclusions
This study described the testing and analysis of cracking in asphalt concrete samples in
the laboratory. Semi-circular notched specimens were prepared using a Superpave
Gyratory Compactor and a water-cooled masonry saw. Samples were prepared with
varying material properties including notch type, air void content, mix type, and moisture
condition. The specimens were tested in three point bending and a crack was initiated at
the notch tip located in the center of the flat edge of the specimen. Load and horizontal
displacement data at different locations by LVDTs on the specimen were collected in real
time.

The resulting load versus displacement curves for each specimen yielded

parameters that were analyzed for their effectiveness in characterizing crack initiation
and propagation in asphalt concrete. Once the most effective parameters were identified,
cracking in three mix types was analyzed to determine which mix type is least susceptible
to crack initiation and propagation. Observations in the crack pathway gave way to
several experiments described in chapter six which had the purpose of determining the
bond strength within different phases of asphalt concrete. The major conclusions from
each portion of this entire study are summarized below.

Chapter four showed that basic parameters extracted from the load displacement curve
may be used to describe cracking behavior in asphalt concrete. The ultimate load (Pult)
evinces increased crack initiation resistance in samples with aggregate notch tips as
compared to mastic and interface notch tips. Furthermore, Pult clearly demonstrates the
increase in strength in wet samples in comparison to dry samples.
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The parameters used to evaluate crack propagation were also successful in showing
changes due to specimen properties. The crack velocity is able to demonstrate increased
cracking in samples with high air void percentage. The slope of the crack propagation
curve (θ ) revealed that damage due to crack propagation is more extensive in wet
samples.

The work described in chapter five used crack initiation and crack propagation
parameters to investigate cracking in three different Superpave mixes with a wider range
of air voids. The study showed that air voids had little effect on crack initiation and
ultimate strength of a specimen, but cracks propagated faster in specimens with higher air
voids. Wet samples were shown to resist failure due to cracking by exhibiting increased
ductility. Cracking caused more damage in coarser mixes due to increased interface
cracking.

These results are backed up by the conclusions drawn from the matrix laboratory tests
described in chapter six. The interface phase of the asphalt concrete mix in tension
showed the lowest strength of all modes of failure tested.

In summary, the primary contributions of this study are:
•

Wet samples sustained more load before crack initiation than dry samples.
Further study is required to determine whether or not this result stems from
sample geometry.
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•

Wet samples showed slower cracks than dry samples, which suggests that wet
pavements will have a longer service life.

•

Air voids had no effect on crack initiation and propagation.

•

The interface pathway is preferential for crack initiation and propagation.
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Table 3.1 Reliability Study Analysis

Sample ID

Ultimate
Load

Wet 1
Wet 2
Wet 3
Average
Standard Deviation
Coef. of Variance (%)
Dry 1
Dry 2
Dry 3
Average
Standard Deviation
Coef. of Variance (%)

(Pult, lb)
471
397
464
444
47
11
496
471
523
497
26
5

COD at
Crack Initiation
Ultimate Load
Potential
(CODult, in)
0.0173
0.0169
0.0193
0.0178
0.0013
7
0.0229
0.0195
0.0204
0.0210
0.0018
8

(U, lbxin)
9.2
5.9
7.5
7.5
1.7
22
10.8
7.3
11.5
9.9
2.3
23
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Fracture Load

Slope of Crack
Propagation Curve

Initial Crack
Velocity

(Pf, lb)
392
320
406
373
46
12
482
453
504
480
26
5

(θ, lb/0.035 in)
114
111
102
109
6
6
63
57.9
50.2
57
6
11

(v, in/min)
0.33
0.32
0.26
0.30
0.04
13
0.43
0.48
0.51
0.47
0.04
9

Table 4.1 Test Matrix A
Mix Type

Air Voids

Condition

Crack Location

Sample

Superpave
SP-B

4%
7%

Wet
Dry

Aggregate
Mastic
Interface

Two Replicates

Test Matrix =1 Mix x 2 Air Voids x 2 Moisture Conditions x 3 Crack-tip Locations x 2 Replicates
=24 Specimens
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Table 5,1 Test Matrix B
Superpave Mix Type
SP-B
SP-C
SP-III

Air Voids
<4%
4%<e<7%
>7%

Condition
Wet
Dry

Test Matrix =3 Mix x 3 Air Voids x 2 Moisture Conditions
=18 Samples

65

Table 3 Regression equations and R-squared values for parameters Pult and Pint

Wet and Dry
Dry

Wet

Ultimate Load, Pult

Crack Initiation Load, Pint

y = 0.4437x2 - 12.663x + 348.21

y = 1.6727x2 - 27.707x + 335.64

R2 = 0.1674

R2 = 0.2498

y = 0.2967x2 - 6.7651x + 306.62

y = 0.0679x2 - 5.2799x + 271.71

R2 = 0.1146

R2 = 0.1516

y = 3.8656x2 - 55.134x + 453.41

y = 1.264x2 - 30.332x + 354.54

R2 = 0.4717

R2 = 0.4823
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Table 5.3 Cracking and loading parameters for each sample

e<4
SP-B

4<e<7
e>7
e<4

SP-C

4<e<7
e>7
e<4

SP-III

4<e<7
e>7

Air Voids Moisture
4.6
DRY
4.6
WET
6.1
DRY
5.6
WET
9.9
DRY
9.1
WET
1.1
DRY
1.5
WET
4.2
DRY
5.9
WET
9.5
DRY
10.4 WET
1.8
DRY
3.5
WET
7.1
DRY
5.1
WET
9.6
DRY
9.2
WET
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CODult
Pult (lb)
Pint (lb)
Pult-Pint
0.084
283
240
43
0.053
309
256
53
0.012
261
244
17
0.065
267
230
37
0.016
286
226
60
0.040
156
142
14
0.017
337
308
29
0.028
302
240
61
0.028
263
227
36
0.069
277
144
133
0.014
266
221
45
0.028
301
240
61
0.002
306
304
2
0.009
432
375
56
0.013
306
227
79
0.009
321
239
82
0.007
229
222
7
0.011
351
302
49

(a) D(T)

(b) SE(B)

(c) DC(T)

(d) SC(B)

Figure 2.1 Common specimen geometries for the study of fracture in asphalt concrete
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SP-C
SP-III

20
0
#200#100#50 #30

#16

#8

#4
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Sieve Size

Figure 3.1 Aggregate gradation for Superpave mixes SP-B, SP-C, and SP-III
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(a) Gyratory Sample

(b) Sliced Sample

(c) Notched Samples

Figure 3.2 Notched sample preparation steps
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Figure 3.3 Notch tip locations
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Figure 3.4 Sample loading configuration and LVDT placement

72

Figure 3.5 Materials for Preparation of Cylindrical Samples
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Figure 3.6 Test setup for cylindrical matrix samples
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Figure 3.7 Test setup for aggregate/matrix interface in tension
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Dial Gauge

Aggregate

Matrix
Shear Box

Figure 3.8 Testing configuration for direct shear test of aggregate/matrix interface
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77

Initiated Crack

(a) Hairline Crack Initiation

Interface Transfer

Interface Propagation

(b) Crack Propagation Along Interfaces
Crack Wandering

(c) Crack Wandering Through the Mastic
Figure 4.2 Crack propagation path from specimen testing
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CODult
Δl
CODult
time = t2

time = t1
Δt = t2 – t1

Figure 4.3 Schematic of the locations of same amount of CODult in Δt time difference

79

0.1
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20 sec
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Figure 4.4 LVDT reading vs. distance from notch tip at 20 sec intervals
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Figure 4.5 Ultimate load of samples with different notch type
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Figure 4.6 COD at ultimate load for each notch at wet and dry conditions
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Figure 4.7 Cracking potential for each notch type at wet and dry conditions
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Figure 4.8 Fracture load for each notch type at wet and dry conditions
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Figure 4.9 Slope of the crack propagation curve at wet and dry conditions
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Figure 4.10 Crack velocity versus time
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(b) Crack initiation load vs. percent air voids
Figure 5.1 Crack initiation load and ultimate load versus air void percentage
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(a) Effect of air voids on crack velocity
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Figure 5.2 Crack velocity versus crack length
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Figure 5.3 Crack opening displacement at ultimate load for dry and wet samples of each
mix type
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Figure 5.4 Average crack initiation and ultimate loads for dry and wet samples
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Figure 5.5 Average slope of the crack propagation curve for each Superpave mix type
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Figure 6.1 Load versus displacement for cylindrical matrix sample in tension
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Figure 6.2 Load versus displacement for dry and wet matrix samples in compression
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Figure 6.3 Exudation of water from matrix sample during compression

94

140

70
115 psi

120

50

Stress (psi)

100

Stress (psi)

65 psi

60

80
60

40
30

40

20

20

10

0

0
0

5

10

15

20

25

30

0

5

10

Strain (in/in)

Strain (in/in)

(a) Dry

(b) Wet

15

Figure 6.4 Stress versus strain for aggregate/matrix interface in tension
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Figure 6.5 Stress versus strain for the aggregate-matrix interface due to shear
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Figure 6.6 Maximum stress for each test type at dry and wet moisture conditions
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Figure 6.7. Strain at maximum stress for each test at dry and wet moisture conditions
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Figure 6.8 Initial modulus of elasticity for each test at dry and wet moisture conditions
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